Differentiation between malignant melanomas and benign melanocytic nevi by computerized DNA cytometry of imprint specimens* Recently image analysis (IA) and DNA-cytophotonieti-)' (CP) have proved to be tiseltil for the diflerentiaticin between benign and malignant melanocytic lesions on paraffin sections. Since, on sections, these procedmes are veiy time-consmning, we t.ested in the present study whether IA of imprint specimens, which can be evahiated in less than 30 minutes, might also be stifllcient. In 39 malignant melanomas (MM), 18 melanocytic nevi (MN), and 6 dysplastic nevi (DN), 12 different morphometric and DNA cytonietric feattires wet'e determined in 100 randomly selected nuclei, ln tmivariate analysis, 5 features were found to be significantly difierent between the benign and malignant groups (p<0.0001): mean value (MAREA) and standard deviation (SARFA) of nuclear area and the 80lh, 90th, and 95th peicentiles ol' DNA distribution. Using SAREA, the best univariate feature, 82.5% of ihe cases could be cc:)rrectly separated. In mnltivariale analysis wilh a combination of three I'eatures -standard deviation of unclear area (SAREA), mean DNA value (MDNA), and 95th percentile of DNA distribution (PERC95) -a correct diagnosis was achieved in 89.5% of the cases. Results obtained in ihe cases of DN indicated an increased proliferation, btit did not allow the separation of DN from MM and MN. Since our (ecluiic]iie allows a rapid analysis withottt loss of tisstie, which might be important for histological analysis, and the classification rates are equal or still higher than reported in studies on sectic^ms, imprints of melanocytic lesions seem to be most a|)propriale for the calculation of DNA cytometric featvires as helpful diagnostic criteria in equivocal melanocytic lesions.
The histologic differential diagnosis between primary malignant melanoma (MM) and benign melanocytic nevi (MN) can be difficttlt, which might be due to the lack of generally accepted and adequate reproducible criteria (1) (2) (3) as shown especially in the .survey of Jones (1) . In that stttdy, experts in dermatopathology were asked to delineate their five most important criteria for diagnosis of MM (1) . Fifty distinct criteria were mentioned by 48 histopathologists, demonstrating considerable heterogeneity and controversy. Cytologic atypia was the most frequently mentioned criterion. However, also cytologic atypia is not clearly defined and can be related to cellular size, nuclear size and shape, as well as to nucleolar morphology. Also in an international pathologists congruence survey, an overall consistency in determining histological features in MM of cjnly 70% was reported (4) . Despite this discrepancy, in the majority of the ca.ses the diagnosis rendered by a dermatopathologist based on years of accumulated experience is highly reliable.
To obtain more precise and c^bjective diagnostic criteria, several laboratory techniqttes have been applied, e.g. morphometry (5-7), monoclonal antibody labeling (8) (9) (10) , cell culture studies (II), chromosome analysis (12) (13) (14) and, due to the significance of DNA for diagnosis of various human neoplasms (15) , DNA measurements (16 -21). The latter can be performed by How cytometi7 (FC) (22) , cytopholometi-y (CP) (23) , or by image analysis (IA) .systems (24) . The diagnostic efficiency of FC strongly varied in the sttidies performed Ibr discrimination between MM and MN from 52.8% to 100% with a mean value of 74.5% (25) (26) (27) (28) (29) (30) . This discrepancy might be due to the difficulty in FC to recognize a small number of anetiploid cells among background activity. Also atitofluorescence of melanocytes and stroma cells may disturb data analysis as indicated by Newton et al. (31) . In contrast to FC, efficiency of IA and CP for discrimination of MM and MN was found to be higher (16, 17, 29, (32) (33) (34) (35) , ranging from 76.1% to 100% with a mean value of 87.5%^ However, DNA meastirements on sections are more time-constiming because, at least in a part of the nuclei, the exact border has to be determined interactively for each cell. In addition, fieqtiently entire nuclei are not completely located within the section, thtis leading to problems in data analysis. These difficulties can be avoided by tising imprint specimens for DNA measurements. This offers three main advantages: a) Dtie to the high contrast between the nuclei and the background, atitomatic and tlierefore rapid segmentation of the nuclear border is possible, leading to a significant decrea.se of analysis time, b) Bias due to measurements of sectioned nuclei can be avoided, c) An immediate preparation after excision of a suspicious lesion is possible also withotit loss of tissue, which may be required for subsequent histologic, immunohistologic, and molecular biologic analyses.
In our hands, imprint specimens proved to be also very useful in diagnostic and prognostic evaluation of cutaneous pseudolympliomas and malignant non-Hodgkin lymphonias (36, 37) .
To the best of our knowledge this study demonstrates for the first time the full benefit of DNA measurements for the diagnosis of MM on imprint specimens using a computerized high-iesohition IA system. Statistical evaluation was performed using 12 features in a stepwise multivariate discriminant analy.sis. A diagnostic .sensitivity of 89.7% and a specificity of 88.9% was attained tising a combination of three features: Standard deviation of nuclear area (SAREA), mean nuclear DNA content (MDNA), and 95th percentile of DNA histogram (PERC95).
iVIateriai and iVIethods
Patients DNA meastirements were performed on imprint preparations of skin lesions from 63 patients with melanocytic lesions. The diagnosis was established from bistological sections by two independent dermatopathologists. DNA analysis was performed withotit knowledge of histpathologic diagnosis. Of the 63 ca.ses, 18 were clas.sified as MN (2 of higher than 5.0 /mm2 in 29.4% of the tumors. For detailed data concerning patients, age, and sex, see Table 1 .
Imprints
Imprints were prepared on clean glass slides by applying the freshly cut stirfece of a skin biopsy. The imprints were fixed in methanol (100%), formaldehyde (37%), and glacial acetic acid (90%) 85:10:5 (V/V/V). Feulgen-staining was performed according to Bohm (39) with hydrolysis in 5n HCL for 50 min at 28°(^ and staining in Schiffs reagent for 60 mill.
DNA measurements
DNA analysis was performed by the high-resolution image analysis system IPS (Kontron, Eching, Germany). The imprint specimens were digitalized with a density of 16 pixels/|xm using a TV Pasecon camera ( Bosch, Stuttgart, Germany) connected with a 100-oil objective of an Axioplan microscope (Zeiss, Oberkochen, Germany).
Automatic segmentation
In a first step, the contrast within the original video image (see Fig. la ) was increased by mapping the actual grey levels linearly into the iiill range between black (grey value 0) and white (grey value 255) (see Fig. lb ). The contour of the nuclei was automatically Ibtind tising the ftinction EMPHASE, which reproduced an addition of the original image widi the difference of the original image and the low-pas.sed filtered version of it (Fig. lc) . Subseqviently, a constant grey valtie threshold of 130 was tised for the automatic segmentation of the nuclei (Fig. Id) . By applying a dilatation and erosion, the outer contour oi' the nuclei was smoothed out (Fig. le) . In the same step the holes inside were filled. Inaccurate segmentation could be rejected interacuvely, because tbe contour was given in the overlay of the original image at the end of the segmentation process (Fig. If) .
Parameters calculated
For each nucleus the optical density (OD) and the area were calculated. The integrated optical density (IOD) was obtained as the product of the OD and the area. In Feulgen-stained nticlei the IOD is linearly correlated with the DNA content (39). In each slide 20 chicken eiythrocytes were nsed as an internal reference. In a prexious pilot sttidy a comparison of chicken eiythrocytes and normal human lymphocytes revealed the following relationship: OD,,, X 3.26 = 2cDNA. 2c is the normal DNA content oi' a hnman cell. A etiploid cell in G2-phase contains 4cDNA. In this sludy, the relative DNA content in each of lOO randomly .selected cells was calculated as follows: relative DNA content = IOD nucleu.s/IODlcDNA.
Simtiltaueotis analyses of some imprints stained with May-Criinwald slaining, which allows a clear differentiation between melanocytic cells and keratinocytes due to both celhilar and nuclear features, proved that most of the cells on imprints were of melanocytic origin. However, a morphologic differentiation of melanocytic cells from other cells (e.g. keratinocytes) cannot be definitely performed in Feulgen stained imprints. Special DNA algorithms for data evaluation
The discriminating power of the following feattires of the DNA histogram was also evaluated:
The 2cDI is defined according to Bocking et al. (40) as the ratio between the sum of the squares of the differences between the DNA values of individual cells (Ci) and the 2c value and the number of cells measured (N): 1 Rotighly, the 2cDI reflects the variation of the nuclear DNA around ihe 2c value within one case. The standard deviation of the 2cDI was alscj calculated (S2cDI). In addition, the modified mean and standard deviation of the 2cDI (M2cDIM, S2cDIM) were computed omitting all nuclei with DNA values being integer-valued exponents of 2c ±12.5%. Thus euploid-polyploid cells are not taken into account. A value of 12.5% was considered as the maximum error of meastirement (40). 
Statistical evaluation
Statistical evaluation of the feattires analyzed was performed with the linear discriminant analysis program 7M of the BMDP package (41). The reliability of multivariate analysis was assessed by jackknife testing. This techniqtie performs a reclassification with the same classification matrix, but witholding one ca.se. For significance of F values a p < 0.0001 was required.
Diagnostic sensitivity, specificity, and efficiency of the features analyzed were determined using formulas as follows: The reprodticibility of DNA meastirements was tested by demonstration of the different ploidy peaks in rat liver imprints.
Resuits

Univariate analysis
Twelve different morphometric and DNA cytometric feattires were examined in each of the 63 cases. As shown in Table 2 , wbicli is based on 68 400 individual measurements in MN and MM, nuclei of MN had lower values than nuclei of MM for all criteria. Univariate analysis revealed significanl differences between MN and MM in 5 cjf 12 criteria (for p < 0.0001 an F-value higher than 15 is recjtiired, see Fable 2). The featuies wliicb discriminated between MN and MM most reliably were (in order of decreasing F-values): SAREA, PERC^HO, PERC90, MARKA, PERC95, M2cDl, S2cDI. Using SAREA alone 82.5% of the melanocytic lesions cotild be ccjrrectly diagiic:)sed.
Multivariate analysis
Many of the variables shown in fable 2 measure similar characteristics and therefore they might be cc:)rielated. To analyze possible correlations and tc:) find the most appropriate combination of features for the differential diagnosis between MN and MM, stepwise nuiltivariatc analysis was performed. Correct classification of 89.5% of the cases analyzed was achieved using a eombination of three features: SAREA, MDNA\ PERC95, which were included ill the first three steps of multivariate analysis (see Table 3 and Fig. 2 ). Tbe corresponding sensitivities and specificities were 89.7% and 88.9%, respectively. Due to the correlation between some of the featuies, some variables presenting with high F-values in univariale analysis were less helpful in multivariate analysis, as indicated by their low F-vahies in Table 3 (MAREA, PERC80, PERC90). In contrast, MDNA was incltided in multivariate analysis althotigh presenting a low F-value in univariate analysis. Classification rate in mtiltivariate analysis was 7% higher than in univariate analysis.
STEPWISE LINEAR DISCRIMINANT ANALYSIS
At the end of mullivariate analysis the three feattires selected can be summarized with a linear eqtiation to a new variable termed canonical variable (CANVAR). The coefficients for this eqtiation, given in Table 4 , were determined in the BMDP7M program (41). According to its definition, the CANVAR has the same discriminant power as the three selected features together. Using the coefficients for calculation of the CANVAR, for each case a new individttal canonical value can be calculated from the values of SAREA, MDNA, and PERC95. The higher this CANVAR valtie, the higher is the chance of malignancy. In our sludy the CANVAR for MN ranged from -2.20 to -0.35 (mean value -1.52), for primary MM from -1.65 to 2.30 (mean value 0.55). DN displayed CANVAR between -1.99 and 0.0 (mean value -1.04), metastases of MM between 0.38 and 2.73 (mean value 1.63).
Using a threshold provided by multivariate analysis 51 out of 57 cases (89.5%) could be correctly differentiated (see Fig. 3 ). By applying -0.77 as thre.shold one cotild argue that even 52 out of 57 cases (91.2%) could be separated. However, tbis was not confirmed by statistical analysis, since the difference between the benign and malignant cases at this threshold was too small for a safe distinction. In Fig. 3 , CANVAR values above -0.77 were found almost exclusively in MM and all cases of MN were below -0.13. Therefore, in otir scale a CANVAR higher than -0.13 can be considered as proof of malignancy. No MM displayed a CANVAR below-1.79.
DNA histograms
The four classical types of DNA histograms (36) could also be found in imprints of melanocytic lesions (see Fig. 4a-d) . Fig. 4a depicts a distribution with one high peak at 2c and a small peak at 4c with less than 5% of tbe nuclei with DNA values between 3.5c and 4.5c DNA (type I). This type was most freqtiently found in benign MN: 83.3% (15 ca.ses) of MN, but also 23.5% (8 cases) of MM showed this pattern.
Type II (not shown here) depicts a bimodal distribution with a high peak (more than 10% of the nticlei) at 4c in adchtion to the 2c peak. It was seen in 3 cases of MM.
A bimodal distribtition similar to type II, but with more than 5% of the nuclei in the gap between 2.25c and 3.5c (S-phase cells and aneuploid cells) is typical for type III. It was found in 2 of 18 MN ( 11%), 5 of 6 (83.3%) DN, and in 11 of 34 MM (32.3%) (see Fig. 4b ).
The type fV histogram (.see Fig. 4c, d ), characterized by the presence of at least 1% aneuploid cells having DNA values >5c, could be observed in 35% of tbc' MM (12 cases) and 100% of the MM meta-stases. In contrast, only 1 of 18 MN (5%) showed this DNA distribution pattern. Fig. 3 shows the classification of DN using the CANVAR values calculated for discrimination between MM and MN. In one case with 0.0 the CAN-VAR value was clearly in the range of MM. In an additional case, a CANVAR value of -0.61 was found, which is slightly higher than -0.77, the threshold for the separation between MM and MN. Three cases displayed CAK\^A1^ valties in a /one in which most of the cases were benign and only a few were malignant. One case had a CANVAR value within a zone with MN only.
Classification of dysplastic nevi (DN)
Discussion
The most important result of this cytometric study was that melanocytic nevi (MN) and malignant melanomas (MM) could be differentiated on imprints witli an efficiency of 89.5% using three features, the standard deviation of nuclear area (SAl^A), the mean value of DNA content of the nuclei (MDNA), and die 95th percentile of DNA distribution (PERC95). The sensitivity and specificity attained were 89.7% and 88.9%, respectively. The diagnostic efficiency of 89.5% in this sttidy is higher than in 4 otit of 6 previotis DNA cytometric investigations on sections, in which between 76.1 % and about 100% of the cases (mean value 87.5%) were correctly cla.ssified (16, 29, 32, 33, 34, 35) . The different classification rates in those studies can be explained by different methods of feattire extraction, data analysis, definition of aneuploidy, number of cases of each eategoiy analyzed, selection of tumors for analysis, and cell sampling strategies. To our knowledge, using FC, only Chi et al. (36) found aneuploidy in all of 20 MM and could therefore clearly distinguish them from benign nevi and Spitz nevi. Hc^wever, all of tbeir jDrobes were taken from advanced nodular lesions being unequivocal for bistopalbologists.
It is impressive that the efficiency of di.scrimination between MM and MN in imprint specimens using IA is equal to or even higher than in studies using .sections for DNA measurements with IA (29, 32, 35) or CP (33) . It can be spectilated that on imprint specimens DNA features are especially helpful, because the whole nticletis can always be definitely measured, which is not possible on sections. Since IA of imprints of melanocytic lesions reveal resvilts at least of the same efficiency as of sections, imprints can be recommended for future investigations for two reasc:)ns: a) A rapid preparation after excision withotit loss of potentially impc:)rtant tissue is possible, b) Time-saving automatic detection of the borders with fully automatic feature-analysis can be performed. Therefore the meastirement of 100 melanocytic nticlei can be done in less than 30 min. Nevertheless, also archival material can be analyzed, since imprints can also be obtained from paraffin blocks, although the probability of detecting aneuploid nuclei is more likely on imprints of fresh than of paraffinembedded ti.sstie (42). The interesting results obtained here on imprints of MM and MN by IA were in agreement with those of a cytophotometric study of Bergman (16). He cotild also differentiate between MM and MN in 89.7% of the cases. However, CP is mtich more time-consuming than IA and morphometric featuies cannot be determined simultaneously (23, 24) .
A drawback to the analysis of Feulgen-stained imprint specimens is, that it is not definitely possible to discriminate tumor cells from other not interesting cells, e.g. keratinocytes. However, analyses of May-Giuuwald stained imprints of melanocytic lesions disclosed that keratinocytes were not abundant, since the adherence of non-ttimor cells in the tissue is much higher than of melanc:)cytic cells. Moreover, if keratinocytes are also measured, these diploid cells do not cause false positive results.
1 he tendency towards higher proliferation and appearance of polyploid and aneuploid eells in malignant melanocytic tumors is documented by the finding of four different types of DNA histograms in our study (Fig. 4) . The results obtained from the ctirrently controversially discussed group of DN (43-46) also indicate an increased proliferation of melanocytes within this grotip. However, true aneuploidy was not detected in DN, which is in agreement with the data of a recent cytometric study of 38 cases fulfilling the histologic criteria of DN (47). Five of 6 lesions presented a type III histogram, displaying a bimodal distribution with more than 5% of the nuclei in the space between 2.25c and 3.5c, probably S-pha.se cells. In addition, also the CANVAR vahies of DN supported the intermediate position of dysplastic nevi in the transition zone between benign and malignant, as already speculated (16, 31, 35, 30) . However DN could not he separated from MM and MN by morphometric and cytometric criteria as a distinct entity.
Thousands of cells can also be analyzed within niiiuites by FC (22) , which was frequenUy used for DNA measurements of melanocytic lesions (25) (26) (27) (28) (29) (30) . However, in FC, the interpretation of hyperteli aploid signals of low freqtiency is diffictilt due to the high rate of false alarms caused by aggregated cells (48). Atitofluorescence c:)f melanocytic nuclei and destroyed cells might also contribute to bias and explains the limited diagnostic efficiency of FC compared to IA. IA permits visual examination of each cell and interactive rejection of clumped and destroyed nuclei is pcjssible. Thus, diagnostically important cells with high DNA values strongly influencing the value for the 95th percentile and mean DNA value can be detected with high accuracy (24) . In MM, FC seems to be more tiseftil for prognostic evaluation (49, 50).
Differentiation between MM and MN was also performed in light microscopy applying pure morphometric and stereologic analyses (5, 6, 51) . The importance of morphometric data for the discrimination between MM and MN can also be seen in this sttidy, becatise of the classification rate of 82.5% for SAREA, which was the best criterion in univariate analysis. However, classification rates cotild be increased to 89.5%, if DNA cytometric feattires were included.
IA, the most general approach lo cell analysis, is an adequate method fcjr extracting a multittide ol features with high accuracy (24) . Moreover, IA allows also the evaluation of a variety of chromatin feattires, e.g. the amount of eti-and heterochromatin, chromatin homogeneity, and chromatin aggregations (21, 24) . In a recent ultrastructural study applying 34 different morphometric and chromatin f^teattiies, all of the cases could be correctly cla.ssified as MN or MM dtie to the characterization of markedly atypical cells (MA(]S) (52). MACS were selected by eight different features describing the amount of eu-and beterochromatin, chromatin aggregations and nuclear morphology. Therefore it seems to be possible that the diagnostic efficiency can be further improved by chromatin texture analysis, as was also recently demonstrated in a multiparametric study of Fleming and Friedman (53) . Also the developments in artificial intelligence involving neural networks may facilitate the diagnostic process in the future (54).
